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Abstract

To study the influence of fracture dip angle on the mechanical properties and fracture evo-
lution mechanism of granite under triaxial stress state, MTS 815 mechanics test system
was used to conduct triaxial tests on granite with different fracture dip angles, and PCI-II
acoustic emission (AE) system was used to monitor the whole process information. The
results show that the brittle characteristics of fractured samples with 30°, 45° and 60° dip
angles are obviously weakened, while the plastic characteristics are enhanced. The frac-
tures destroy the structural integrity of rock, resulting in the reduction of rock resistance
to load and deformation. With the increase in fracture dip angles from 0° to 90°, the com-
pressive strength and elastic modulus of rock samples show a nearly "U"-shaped changing
trend of decreasing first and then increasing, and the deterioration ratio coefficients are
7.8~43.3% and 7.5~66.9%, respectively. Due to the difference of fracture dip angles, the
failure of granite sample shows two modes: "through-cutting fracture surface failure" and
"shear failure along fracture surface." It mainly depends on the angle between fracture sur-
face and maximum principal stress. The fracture dip angle affects the variation law of AE
signals during the fracture process. Especially for the fractured rock samples with 30°, 45°
and 60° dip angles, the AE ring count and energy show obvious "migration" phenomenon,
and the signal concentration distribution area is widened and moved backward. With the
increase in dip angle, the active degree of rock fracture decreases at first and then increases.
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1 Introduction

Rock mass, as a complex engineering medium, will produce many different kinds of
defects, such as cracks, weak surfaces and faults, under the complex and long geologi-
cal processes (Rudzinski et al. 2019; Liu et al. 2020; Song et al. 2022a). In deep rock
mass engineering, the existence of these defects makes the rock mass show obvious het-
erogeneity, discontinuity, anisotropy and other characteristics, which has a significant
impact on the strength properties, deformation characteristics and stability of the rock
mass (Mohammadi and Pietruszczak 2019; Latyshev and Prishchepa 2020; Shahbazi
et al. 2021). Therefore, the mechanics, deformation characteristics and failure mecha-
nism of rock mass with defects have always been the hot issues concerned by numerous
scholars.

Because model test and numerical simulation methods are relatively easy to imple-
ment for single crack or multi-cracks rock samples, these two types of test methods are
used by many scholars at home and abroad to analyze the influence of fractures on rock
mechanical properties. Duan et al. (2019) prepared six samples with three different con-
nectivity and two fracture dip angles using rock-like materials. Through triaxial loading
test, it is found that with the increase in fracture angle, fracture connectivity and confin-
ing pressure, the transformation of sample from mixed failure to shear failure is accel-
erated. Lee and Jeon (2011) analyzed the propagation law of fracture under uniaxial
compression based on discrete element numerical method. Yu et al. (2020) carried out
PFC?P particle flow simulation tests of single fractured sandstone under different con-
fining pressures. The results showed that the influence of fracture dip angle on the peak
strength of the sample showed a changing trend of decreasing first and then increasing,
and the macro-cracks mainly penetrated from the tip of the prefabricated fracture to the
two diagonal points of the sample. Zuo et al. (2013) conducted uniaxial and triaxial
compression tests using the FLAC3D finite difference program to study the strength and
deformation characteristics of layered rock mass. Li et al. (2015) used the numerical
simulation software UDEC to simulate the rock mass with different dip angles of frac-
ture surfaces when the confining pressure is constant and studied the evolution of the
compressive strength of single fracture rock with the dip angles of fracture surfaces. It
was found that the fracture dip angle has a significant effect on the compressive strength
of rock mass, and the compressive strength reaches the lowest value when the dip angle
is between 45°and 60°. Huang et al. (2016) analyzed the strength characteristics and
deformation characteristics of rock-like materials with intact and discontinuous non-
parallel double fractures through the composite model samples of prefabricated cracks.
The test showed that the peak strength, crack damage threshold and peak strain of intact
and discontinuous fractured rock samples increased linearly with the increase in confin-
ing pressure. The research results (Table 1) have laid a foundation for revealing the rock
fracture behavior under triaxial compression. However, most of them still assume that
the numerical model belongs to plane stress or plane strain problem, and there is a big
gap between the rock-like material and the real fractured rock sample. Therefore, it will
cause the complex and uncertain mechanical properties of fracture rock mass (Huang
et al. 2002; Li et al. 2005; Yang et al. 2007).

In this study, based on MTS electro-hydraulic servo loading system, triaxial loading
tests are carried out on fractured granite samples, and acoustic emission system is used
to monitor the test process in real time. According to the test results, the influence law
of fracture dip angle on rock strength characteristics and deformation characteristics is
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Table 1 Statistical table of peer’s results

Category  Research method Factor Researchers
Numerical Particle flow code Fracture dip; confining Yu et al. (2020); Huang et al.(2016);
simula- pressure Lee and Jeon (2011)
“O“h d Finite difference program  Fracture dip Zuo et al.(2013)
t!
methods Universal distinct element Fracture dip Lietal. (2015)
code
Model Rock-like materials Connectivity; fracture dip; Duan et al. (2019); Huang et al.(2016)
test confining pressure

analyzed, and the acoustic emission characteristics and failure mechanism of fractured
granite under triaxial compression are deeply explored. It provides a certain reference
for the selection of design parameters and stability control of deep fracture rock mass
engineering.

2 Experimental method
2.1 Sample preparation

The rock used in the test is fine-medium-grained monzogranite, as shown in Fig. 1. The
mineral composition of the sample analyzed by X-ray diffraction mainly includes quartz
(44%), K-feldspar (32%) and albite (20%), and the accessory minerals are biotite (about
3%) and muscovite (about 1%), with a particle size of 2-5 mm. At the same time, the gran-
ite contains trace magnetite, apatite, sphene and other heavy mineral components. The
granite has a massive structure, with silvery white color and dark spots. It is observed by
scanning electron microscope that the granite has a high degree of recrystallization, fine
and uniform rock grains, compact structure, intact and compact rock, and few primary
cracks. The longitudinal wave velocity of granite rock samples is 4374 ~4667 m/s after
being tested by wave velocity tester. These rock samples have similar integrity.

The rock samples are processed in the same direction to ensure that there is no obvious
macroscopic difference between the test rock samples. According to the requirements of
the International Society of Rock Mechanics (ISRM) (Luo et al. 2022), the rock sample is
processed into a standard cylindrical sample of ®50x 100 mm. The fracture of rock sam-
ple is prepared by wire cutting processing method. A prefabricated fracture of 25 mm in
length and 0.4 mm in width is made at the geometric center of the sample, and the fracture
dip angle is €. (0 is the angle between the fracture surface and the maximum principal
stress.) The hole with a diameter of 2 mm is unavoidable in the process of crack making,
and it does not affect the subsequent experimental study. In order to study the influence
law of fracture dip angle 6 on the deformation and strength characteristics of rock samples
under high confining pressure, five groups of samples with fracture dip angles 6 of 0°, 30°,
45°, 60° and 90° are selected, and the prepared fractured rock samples made are shown in
Fig. 2.
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2.2 Testloading scheme

MTS electro-hydraulic servo rock mechanics test system and PAC full information acous-
tic emission signal analyzer (Fig. 3) are adopted. In the test, the axial deformation and
circumferential deformation of the sample are measured by displacement sensor, and the
circumferential deformation is measured by chain circumferential displacement sensor.
Six acoustic emission sensor probes are symmetrically arranged on the outer surface of
the rock. The probe model is RS-2A, the size is ®12*6 mm, the acquisition frequency
range is 50-400 kHz, the center frequency is 150 kHz, and the applicable temperature is
—20~130 °C. The contact part between the sensor and the rock sealing sleeve is coated
with Vaseline to ensure the coupling effect and is fixed with adhesive tape. Through AE
time sequence characteristics and positioning information, the generation and development
of micro-cracks in the process of rock fracture are monitored. The loading process is as
follows.

(1) According to the hydrostatic pressure condition 6, =0, =03, the confining pressure
is applied to the predetermined value of 40 MPa at the loading rate of 0.5 MPa/s, and
then, the parameters such as displacement are cleared.

(2) The confining pressure is kept constant, and the axial load is controlled by displace-
ment. The loading speed of 0.05 mm/min is loaded on the sample to the peak value,
and the test is finished until the sample has a large residual deformation. In order to
understand the internal mechanism and evolution law of rock failure, acoustic emission
system is used to monitor the whole process of granite loading failure. The sampling
frequency is 10 MHz, the preamplifier gain is 30 dB, and the noise threshold is 40 dB
to minimize noise interference.

2.3 AE positioning technology

In order to clarify the damage and failure evolution process of granite, the location tech-
nology based on Geiger algorithm (Zhao et al. 2008) is used for AE event tracking. By
obtaining the time difference between different probes when the same AE event occurs,

(a) Microelectron structure of granite by polarizing (b) Micrograph by scanning electron microscope

microscope

Fig. 1 Microscopic structure of granite. a Microelectron structure of granite by polarizing microscope and
b Micrograph by scanning electron microscope
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50 mm

100 mm

Fig.2 Granite sample with pre-existing cracks

the spatial location of the AE event can be obtained more accurately (Niu et al. 2023). The
specific principle is described as follows:

Multiple iterations are performed based on the set initial point 0(x,y, z, ) (test point).
During each iteration, a correction vector AO(Ax, Ay, Az, Af) can be obtained by using the
least square method and added to the results (test points) of the previous iteration. Then,
a new test point can be obtained. After that, it can be judged whether the new test point
meets the error requirements of the location of the real fracture source. If the error require-
ments are met, the iteration is terminated. Each iteration result can be obtained through the
relationship between time and distance, which can be expressed as:

1

[ =27+ (=) + (5= 2] = wpl=1) M

where x, y and z are the initial coordinates of the test point, ¢ is the initial time of the AE
event, x;, y; and z; are the spatial position of the ith AE probe, #; is the actual time of the
P-wave reaching the ith AE probe, and Vp is the wave velocity of the P-wave. Note that x, y,
z and t are all set manually.

The first-order Taylor expansion of arrival time is used to describe the arrival time 7; of
P wave detected by the corresponding I-probe, as shown below:

Triaxial loading equipment

[
|Arrangement of sensors

Fig.3 The test system
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where ¢ is the time when the P-wave reaches the ith probe calculated by the coordinates of
the test point.

In formula (2), a—t Z—i % and - can be expressed as:
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In formula (3-6), R = [(xi — x)2 + (y,- - y)2 + (Z,- - Z)2] .
Based on formula (2), the value of probe number N determines the number of equations,
that is, N probes correspond to N equations, which can be expressed as:

AAO =B @)
In the formula, the parameters are as follows:
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dx dy ot
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The correction vector can be solved based on formula (7) with Gaussian elimination
method, and the formulas are:

ATAAD =ATB Q)

ATAAG = (ATA)'ATB (10)
After obtaining the correction vector A@, using 8+ A@ as a new test point, continuous

iteration will be conducted until the error requirement between the new test point and the
actual crack source location is met.
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3 Triaxial compression failure characteristics of fractured granite
3.1 Stress—strain curve analysis

During the loading process, axial LVDT (Linear Variable Displacement Transducer) sensor
and circumferential displacement sensor are used to monitor the deformation of the sam-
ple. Combined with the loading data, the full stress—strain curve of granite under 40 MPa
confining pressure is obtained as shown in Fig. 4a~f. Under the condition of conventional
triaxial compression, the stress—strain curves of intact and fractured granite are basically
the same. At the initial stage of loading, the original micro-cracks and holes in the rock
sample are compacted, and the stress—strain curve shows a certain concave trend. With the
increase in axial pressure, the stress—strain curve increases linearly. At this time, the slope
of axial strain is smaller than that of circumferential strain, and the rock produces more
obvious compression deformation along the axial direction. Before rock failure, its struc-
ture deteriorates significantly, and the stress—strain curve becomes nonlinear. The stress
after the peak value shows a more obvious drop characteristic, accompanied by a more
brittle failure sound. At this time, the stress does not drop to zero and granite still has a
certain compressive bearing capacity. The whole stress—strain curve includes compaction
stage, elastic deformation stage, pre-peak failure stage and post-peak residual stage.

During the loading process of the intact rock sample, the internal stress of the rock mass
is relatively uniform, and the stress—strain curve is relatively smooth. After the overall fail-
ure of the rock sample, the curve drops sharply, showing obvious brittle drop character-
istics. The sample forms a single inclined plane shear failure. Compared with the intact
rock sample, the existence of prefabricated fractures destroys the integrity of rock. For the
fractured samples with 30°, 45° and 60°dip angles, the compaction characteristics of axial
stress—strain curves are more obvious, and the compaction stage lasts longer than that of
intact rock samples. In addition, during the failure process of the rock sample, multiple
stress drops occur, and the stress fluctuation phenomenon is particularly obvious. At this
time, the prefabricated fractures affect the stress characteristics of the rock. Under the load,
stress concentration will occur at the fracture location, resulting in local damage. After the
local failure of the rock, the load continues to be borne by other undamaged parts. When
the applied load increases again, the position of stress concentration will be destroyed
again, resulting in slip dislocation between the particles to form a new contact surface,
and the stress will fluctuate synchronously and locally. It is repeated until the whole rock
sample is destroyed, and every stress drop is actually the embodiment of crack propagation.
Compared with the intact sample, the position of the shear crack formed by the fractured
sample moves and the shape is more complex. Wing cracks, anti-wing cracks and coplanar
cracks are generated around the fractures, and finally, the sample forms a through-cutting
V-shape fracture surface failure or shear slip failure along the fracture surface. For 0°and
90°fractured rock samples, the sample forms a single inclined plane shear failure. The
existence of fractures does not have a great influence on the rock failure mode. The mac-
roscopic crack penetrates the fracture surface to form a single inclined plane shear failure.
The corresponding stress—strain curve is similar to that of the intact sample. After reaching
the peak strength, the curve decreases rapidly, and the curve shows obvious brittle drop
characteristics.

Axial and circumferential stress—strain comparisons of granite are shown in Figs. 5 and
6. For fractured rock samples with 0° and 90° dip angles, the fracture destroys the integ-
rity of the sample to a certain extent. With the axial loading, the axial strain slope of the
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(f) Granite sample with 90° fracture dip angle

Fig.4 Stress—strain curves under triaxial compressions. a Intact granite sample, b Granite sample with 0°
fracture dip angle, ¢ Granite sample with 30° fracture dip angle, d Granite sample with 45° fracture dip
angle, e Granite sample with 60° fracture dip angle, and f Granite sample with 90° fracture dip angle

rock sample is smaller than that of the intact sample, but it is larger than that of 30°, 45°
and 60° fractured granite, that is, the deformation resistance of 30°, 45° and 60° fractured
samples <0° and 90° fractured samples <intact samples. The circumferential deformation
curves of intact rock samples and 0°and 90° fractured rock samples are similar. The cir-
cumferential strain slope of 30°, 45° and 60° fractured granite is smaller, that is, with the
increase in axial load, the internal fractures of fractured rock samples develop gradually,

resulting in more obvious lateral deformation.
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3.2 Strength and deformation characteristics

Rock strength is an important factor of rock engineering stability (Feng et al. 2022; Wang
et al. 2022; Song et al. 2022b). Figure 7 shows the comparison results of the average
peak compressive strength of fractures with different dip angles. Compared with the peak
strength of intact rock samples, the fractures destroy the structural integrity of the rock,
causing the compressive strength to be less than 391.8 MPa of the intact samples, and the
rock is more prone to fracture and instability. When the fracture dip angle increases from 0°
to 45°, the average compressive strength of granite is 361.1, 302.3 and 222.2 MPa, respec-
tively, showing a downward trend. When the fracture dip angle increases from 45° to 90°,
the average compressive strength is 222.2, 234.3 and 290.3 MPa, respectively, showing an
upward trend. With the increase of the fracture dip angle, the rock strength changes obvi-
ously, showing a nearly "U"-shaped changing trend of first decreasing and then increasing,
and reaching the lowest strength value when the fracture dip angle is about 45°. In order
to quantify the strength deterioration degree of fractured rock samples with different dip
angles, the strength deterioration proportional coefficient k; is defined, as shown in formula
(11). It is defined as the percentage of the strength difference between intact rock samples
and fractured rock samples to the strength of intact rock samples.

c.— 0;

k, = % 100% (1n

o,

In the formula, o, represents the strength value of the intact rock sample and o; repre-
sents the strength value of the fractured sample with i dip angle. Compared with the intact
rock sample, the strength degradation proportional coefficient k; is 7.8 ~43.3%. The overall
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Fig.5 Axial strain curves
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bearing capacity decreases significantly, and the bearing capacity tends to be half when the
fracture dip angle is 45°.

Figure 8 shows the curve of elastic modulus changing with the fracture dip angle. The
existence of fractures increases the heterogeneity of rock samples and increases the slip
interface inside the rock, so the slip amount in the axial compression process will also
increase, resulting in the decrease in elastic modulus of rock samples. Formula (12) defines
the deterioration proportional coefficient &, of elastic modulus, that is, percentage of elastic
modulus difference between intact rock sample and fractured rock sample to the elastic
modulus of intact rock samples.

c T =i

k, = z x 100% (12)

In the formula, E. represents the elastic modulus of the intact rock sample and E; rep-
resents the elastic modulus of the fractured sample with i dip angle. For the fractured rock
samples with 0°and 90°dip angles, the elastic modulus is 47.6 and 45.1 GPa, respectively.
Compared with the 51.5 GPa of the intact sample, the deterioration proportional coeffi-
cients k, of elastic modulus are 7.5 and 12.4%, respectively, and the deterioration degree
is relatively small. For the fractured rock samples with 30°, 45° and 60° dip angles, the
degradation proportional coefficients k, are as high as 48.0, 66.9 and 49.6%, respectively.
Especially, when the dip angle is 45°, the degradation of deformation characteristics is
the most obvious. The variation law of elastic modulus of fractured rock samples with dip
angle is: Ej > (Ege, Egpe) > (Espe, Eggo> Ey50, showing a nearly U-shaped changing trend
of first decreasing and then increasing. The specific results are shown in Table 2.
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Fig. 7 Evolution of triaxial compressive strength with fracture dip angle (A1 ~F1)

4 Acoustic emission characteristics

In the fracture process of rock, part of the elastic strain energy stored in the rock mass
will release acoustic emission signals in the form of elastic waves. Therefore, the use of
acoustic emission time—space distribution, ring count, energy and other parameters is an
effective method to analyze and determine the degree of rock internal fracture and fracture
evolution process (Niu et al. 2021; Schweidler et al. 2022).

4.1 Three-dimensional space-time evolution characteristics of acoustic emission

The three-dimensional time—space evolution results of acoustic emission can directly
reflect the initial position of the internal fracture event of rock, the damage status of rock
and the development degree of fractures at different loading stages, which lays a founda-
tion for in-depth research on the crack growth process and spatial morphology (Chu et al.
2020; Niu et al. 2020). Figure 9 shows the results of acoustic emission three-dimensional
positioning of granite samples with different dip angles under triaxial loading, including
pore fracture compaction stage I at the initial stage of loading, linear elastic deformation
stage II, unstable fracture development stage III, and post-peak fracture stage IV. Three-
dimensional display is conducted according to the amplitude and occurrence time of acous-
tic emission source. The amplitude (unit: dB) of acoustic emission source is distinguished
by the size and color of the ball. The larger the amplitude of acoustic emission source is,
the larger the size of the ball is, and the deeper the color is, and vice versa.

It can be seen from Fig. 9 that in the initial stage of loading (stage I), the primary frac-
tures in the rock sample are closed, and a small number of randomly distributed events
occur. The frequency and intensity are low, and the amplitude intensity is below 60 dB.
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Fig.8 Evolution of elastic modulus with fracture dip angle (A1 ~F1)

That is, at this stage, the damage of granite sample is very small, and there is almost no
crack initiation or propagation activity inside. With the increase in external load, the
rock sample enters the linear elastic deformation stage II. At this time, the external driv-
ing energy is mainly converted into the elastic strain energy of granite sample, the acous-
tic emission event growth is not obvious, and the overall damage degree of rock is small.
When the loading process enters stage III, the acoustic emission event enters an active
stage, indicating that the development of micro-cracks has undergone a qualitative change.
At this stage, the number of acoustic emission event points increases dramatically, and the
number of fracture events with amplitude intensity between 80 and 100 dB increases sig-
nificantly. The internal fractures of the rock continue to initiate, propagation, and coales-
cence and produce large fracture events, resulting in the sample entering a subcritical insta-
bility state. When the driving load is further increased, the nucleation area of the acoustic
emission event points converges and forms, and the rock damage increases sharply, form-
ing a macro-failure zone. The sample changes from subcritical instability to failure insta-
bility. At this time, the number of event points corresponding to intact granite samples and
granite samples with various fracture dip angles is 5359, 5440, 1314, 671, 3739 and 4820,
respectively, showing a variation law of first decreasing and then increasing. For fractured
rock samples with 0°and 90°dip angles, the number of fracture events is similar to that of
intact rock samples, and a large range of failure areas are formed. For other dip angle sam-
ples, the acoustic emission fractures are distributed around the initial cracks and expand to
form through cracks, with a more concentrated event distribution. In addition, the acoustic
emission signal intensity of the fractured granite sample decreases significantly, indicating
that the degree of the rock fracture activity decreases significantly. At this time, the acous-
tic emission signal strength E presents the following rule: E intact> (E0°, E90°)> (E30°,
E60°)> E45°. The overall change is nearly "U" shaped, and the severity of damage
decreases first and then increases.
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Table 2 Test results of triaxial compression experiment

Serial number Triaxial compres- Average ki/%  EIGPa Average E/GPa  k,/%

/° sion strength/MPa  strength/
MPa

Intact sample Al 391.9 391.8 - 53.0 515 -
A2 386.5 50.2
A3 397.0 51.2

0 Bl 362.4 361.1 7.8 49.9 47.6 7.5
B2 356.5 45.6
B3 364.3 47.3

30 C1 293.8 302.3 229 244 26.8 48.0
Cc2 302.8 26.3
C3 310.2 29.6

45 D1 229.8 2222 433 162 17.0 66.9
D2 209.3 18.3
D3 227.6 16.6

60 El 242.7 234.3 402 277 25.9 49.6
E2 235.5 25.2
E3 224.6 24.9

90 F1 291 290.3 2591 43 45.1 12.4
F2 281.8 48
F3 298 44.2

k, is strength degradation proportional coefficient, and k, is elastic modulus degradation proportional coef-
ficient

4.2 Acoustic emission ringing evolution law

Acoustic emission ringing characteristics can reflect the activity of rock internal fracture
events and the damage degree of rock (Andrew et al. 2015; Bardo et al. 2021; Zha et al.
2021; Dinmohammadpour et al. 2022), so it is widely used to describe and evaluate the
fracture characteristics of materials.

Under different fracture characteristics, the variation law of ring count is relatively con-
sistent (as shown in Fig. 10). At the initial stage of loading, the primary fractures inside the
rock sample are closed, and sporadic acoustic emission phenomena occur. Its frequency
and intensity are very small, and the ring count is generally below 2.0x 10° times, indicat-
ing that there is little damage to the granite sample in this stage, and there is almost no
crack initiation or propagation activity in the inside. The cumulative ring count is main-
tained at a low level, and the acoustic emission activity of the rock sample is in a quiet
period. Subsequently, the rock sample enters the elastic—plastic stage. In the first part of
this stage, the internal cracks of the sample are constantly initiated and expanded, and the
acoustic emission ringing rate shows a slow and irregular fluctuation growth. However, its
growth amplitude is small, and the values are not greater than 10 x 10° times. The cumula-
tive ring count of the sample enters a slow rising period. With the further increase of the
load, the sample enters the late stage of the elastic—plastic stage, and the sample reaches
the critical instability state. The fractures in the rock gradually migrate and propagate in an
aggregated manner, and the damage increases sharply, leading to a sudden increase in the
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BeiigEiise

(d) Granite sample with 45° fracture dip angle

Fig.9 Three-dimensional space—time evolution process of acoustic emission events. a Intact granite sam-
ple, b Granite sample with 0° fracture dip angle, ¢ Granite sample with 30° fracture dip angle, d Granite
sample with 45° fracture dip angle, e Granite sample with 60° fracture dip angle, and f Granite sample with
90° fracture dip angle
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() Granite sample with 90° fracture dip angle

Fig.9 (continued)

cumulative ring count. The acoustic emission activity enters the active period. Compared
with the early stage of the elastic—plastic stage, the growth of AE ring count rate shows an
order of magnitude difference. The count rate turns to a rapid growth stage, and the peak
value of the ring rate appears at a certain time point. It indicates that the internal cracks of
the rock propagate and coalesce rapidly, large fractures of the rock sample appear, and the
cumulative ring count enters a rapid growth period. At this time, it can be observed that the
ring count rate before and after the peak point has obvious fluctuation characteristics. This
is because the crack tip is in the dynamic cyclic process of stress concentration — crack
growth — stress release after the sample enters the unstable propagation stage, so the crack
growth shows a "phase step" growth characteristic (Feng et al. 2022). In addition, the time
when the AE ring count rate reaches the peak lags slightly behind the time when the stress
peak value occurs. It indicates that the granite sample has been destroyed completely after
the peak stress suddenly decreases and macro-cracks appear. With the increase in axial
displacement, friction slip occurs on the section of the sample and the loading curve enters
the residual strength stage. The AE ring count rate decreases sharply and the acoustic
emission events of some rock samples even disappear. In this process, only a few cracks are
generated on the sample. The characteristics of quiet, active and dramatic changes of the
acoustic emission ringing well reflect the damage evolution process inside the rock sample.

The existence of fractures destroys the integrity of rock. Compared with intact rock
samples, fractured rock samples do not break at one time during the loading process. Frac-
tured rock samples have multiple stress drops during the failure process, and the acoustic
emission ring count rate increases sharply each time the stress drop occurs.

The different angles of the prefabricated cracks lead to the change of the stress mode
of the sample. It changes the history of crack development during the failure process of
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Fig. 10 AE ring count curves of granite specimens under triaxial compression: a Intact specimen; b v =0°;
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the sample, thus leading to the different changing trends of the ring count (Fig. 11). For
fractured rock samples with dip angles of 0° and 90°, the growth characteristics are similar
to those of intact rock samples in the process of loading failure, and the slow rising period
of ringing is relatively short, so the crack development is not sufficient. When the fracture
enters the stage of rapid propagation, the ring count increases sharply, with a strong con-
centration and a strong activity. The number of peak ring counts is 4.11 x 10* times and
4.36x 10* times, respectively, and the rock has severe sudden instability when the strains
are 0.84% and 1.09%. For fractured rock samples with dip angles of 30°, 45° and 60°, the
slow rise period of the ringing is long, and the rock fractures have obvious progressive
expansion stage. At this time, the fully developed fractures have a greater cuamulative dam-
age to the rock. When the driving stress reaches the peak value, the crack growth enters
the rapid expansion stage. The slip dislocation occurs between the rock particles and a new
contact surface is formed, which eventually leads to the loss of bearing capacity of the
rock sample and the overall failure. Relatively speaking, the number of peak ring counts
is small, which is 3.62x 10* times, 3.1 x 10* times and 3.66x 10* times, respectively, and
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the corresponding strains are 1.41%, 1.91% and 1.86%, respectively. The acoustic emis-
sion signal shows obvious * migration *~ phenomenon, and the large-scale fracture events
will occur after the rock sample is subjected to greater load. Furthermore, it can be found
that with the dip angles increasing from 0° to 90°, the peak values of acoustic emission
ring count rate are 4.11 X 10%, 3.62x 10%, 3.1 x 10*, 3.66x 10* and 4.36 x 10%, respectively,
and the peak values of acoustic emission ring count rate first decrease and then increase.
In fact, this is closely related to the mode of "through-cutting fracture surface failure" and
"sliding failure along fracture surface" in Sect. 3.1. The different failure modes change the
course of crack development in the process of sample failure and affect the course of crack
initiation, propagation, nucleation and penetration failure, resulting in the difference of ring
count characteristics.

4.3 Acoustic emission energy characteristics

The acoustic emission energy can reflect the elastic energy released by the sample during
the failure process due to crack propagation. The energy of a single acoustic emission sig-
nal is defined as follows (Lin et al. 2018; Bruning et al. 2018; Zhang et al. 2018; Mastrogi-
annis et al. 2019).

1 5
E = E/ U*(Hdr (13)

i

In the formula, #; is the time when the acoustic emission event signal exceeds the
threshold voltage for the first time and 7 is the time when it falls to the threshold voltage
again. The R is the internal resistance value of acoustic emission instrument. The energy
result calculated by Formula (3) is the absolute energy value of acoustic emission, which
is closely related to the impact number and amplitude of acoustic emission. It can better
reflect the relative energy or intensity of the fracture event, so it is often used to reflect the
acoustic emission activity.

60000
BN Joint dip - 0°
I Joint dip - 30°
Joint dip - 45
B Joint dip - 60°
I Joint dip - 90°
40000

20000

AE ringing count

Fig. 11 AE ring count rate of rock specimens under triaxial compression
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The evolution law of rock loading acoustic emission energy is relatively consistent.
Taking Fig. 12 as an example, in the early stage of loading, the energy rate is generally
between 0 and 1000 mV*mS, its magnitude is at a low level, and its cumulative energy
approximately shows a linear low-speed growth. At this time, the rock is in the pore/
fissure compression stage and elastic deformation stage, and the initiation and propa-
gation of internal cracks in granite are relatively small. With the loading process, the
release of stress and the dissipation of energy lead to the fracture of different parts of
the rock. There is a small sudden increase in energy, and several high energy points
appear before the peak. For example, at the strains of 0.427% and 0.494%, the acoustic
emission energy values are 10,000 and 17,777 mV*mS, respectively. The small sudden
increase in acoustic emission energy indicates that the adjustment, concentration and
release of stress, as well as the accumulation, dissipation and release of energy also
change accordingly. When the strain reaches 0.861%, the peak value of acoustic emis-
sion energy is 78,778 mV*mS, and the energy value has an order of magnitude change.
At this time, due to the continuous accumulation of energy in the process of deforma-
tion and failure of the rock sample, a large amount of elastic energy is suddenly released
when macroscopic through cracks are generated, and the accumulated energy curve syn-
chronously enters a rapid growth stage.

Compared with intact sample, the fracture affects the energy release process of the rock
to a certain extent. Before the internal energy forms the main fracture, the fracture events
with large energy increase significantly, and the curve of energy accumulation number
changing with time shows a phase step growth. In addition, the fracture destroys the integ-
rity of the rock to a certain extent. When the macro-fracture is formed, the correspond-
ing energy rate is generally lower than that of the intact sample, and the intensity at the
moment of failure decreases obviously. For rock samples with different fracture dip angles,
there are some differences in the evolution law of acoustic emission energy (Fig. 13). As
the dip angles increase from 0° to 90°, the instantaneous elastic strain energy released
when the rock changes from subcritical stable state to fracture unstable state is 78778,
70,017, 52,361, 63,880 and 72,576 (mV*mS), which is far less than 90,997 mV*mS of the
intact sample. The elastic strain energy shows a changing trend of first decreasing and then
increasing, and the energy rate of rock sample with 45° dip angle is the minimum.

5 Conclusion

In this paper, the conventional triaxial compression test of prefabricated fractured gran-
ite is conducted, the deformation, strength and acoustic emission characteristics of rocks
with different dip angles are analyzed, and the damage and failure mechanism of rocks is
explored. The main conclusions are as follows:

(1) The characteristics of rock stress—strain curve are significantly affected by fractures. In
the process of failure, the local stress fluctuation of the fractured rock sample is obvious
and the stress drop occurs for many times. Especially for the fractured samples with
30°, 45°and 60° dip angles, the brittle characteristics are weakened and the plastic
characteristics are enhanced.

(2) Due to the difference of fracture dip angles, the failure of granite sample shows two
modes: "through-cutting fracture surface failure" and "shear failure along fracture
surface." For fractures with 0°and 90° dip angles, there is no significant influence on
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the failure mode of rock, and the macro-fractures cut through the fracture surface to
form single inclined shear failure or "U" type failure. For fractured rock samples with
30°, 45°and 60° dip angles, wing cracks, anti-wing cracks and coplanar cracks are
generated around the fractures, and finally, the samples form shear slip failure along
the fracture surface.

The fractures destroy the structural integrity of rock, resulting in the reduction of rock
resistance to load and deformation. With the increase in fracture dip angles from 0° to
90°, the compressive strength and elastic modulus of rock samples show a nearly "U"-
shaped changing trend of decreasing first and then increasing, and the deterioration
ratio coefficients are 7.8 ~43.3% and 7.5 ~ 66.9%, respectively.

The fracture dip angle affects the variation law of AE signals during the fracture pro-
cess. Especially for the fractured rock samples with 30°, 45°and 60°dip angles, the
AE ring count and energy show obvious "migration" phenomenon, and the signal
concentration distribution area is widened and moved backward. With the increase in
dip angle, the active degree of rock fracture decreases at first and then increases.
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